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Definition Of The Study The study consists of an investigation of the 
variation in the temperature of formation of sphalerite on the 500 and 
1500 ft levels of the Balmat zinc deposit at Balmat, New York. A sub-
sidiary investigation was performed on the use of x-ray fluorescence as 
a means of chemical quantitative analysis. Twelve samples of sphalerite 
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from the 500 ft level and 13 samples from the 1500 ft level were analyzed 
for atomic percent iron content by measuring Zn/Fe x-ray fluorescent ratios. 
The x-ray fluorescent ratios were standardized by ''wet" quanti ta ti ve analysis. 
The results of the analyses are applied to the Fes-ZnS phase diagram developed 
by Kullerud {1953). The locations of the samples from Balmat are recorded 
on maps of the two levels to enable a study of the horizontal and vertical 
variation of the temperature of formation. 
Reason For The Study This study was undertaken to dete~ne the physical 
conditions of the ore forming fluid which originated the Balmat deposit. 
It is hoped that the results of this study may guide similar studies in 
other areas. In addition to the above, the study was initiated ~ to shed 
some light on the following questions: 
1. The direction of approach of the ore fluids. 
2. The relationship of different stopes of ore to each other. 
3. How the sphalerite ore may be zoned with respect to 
temperature of formation. 
The factors controlling the localization of mineral deposits are not readily 
apparent because of·an incomplete understanding of the interaction of a 
number of variables. A list of the principle variables influencing ore 
deposition is: 
1. The chemical nature of the ore bearing fluid. 
2. The chemical effect of the wall rock on the ore bearing fluid. 
3. The temperature of formation at the time of ore deposition. 
4. The pressure of formation at the time of ore deposition. 
Two more factors of importance, but consid-ered to be subsidiary to the 
previous four, are the origin of the ore fluid and the path of movement 
of the ore f Juid. 
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Little direct evidence is available on the nature of sulfide bearing 
ore fluids. Liquid inclusions and thermal spring deposits furnish all 
the direct evidence on ore carrying fluids known to the author. In order 
to obtain a thorough understanding of the ore fluid it will be necessary 
to first solve for the wall rock effect, and the temperature and pressure 
of formation. A knowledge of the temperature of formation of a deposit 
might place some immediate liadts on an ore fluid. The following example 
is given to illustrate some of the effects a study of the temperature at 
deposition might have. 
The geology of Balmat, New York, the area chosen for study, has been 
basically described by Brown (1936a, 1936b, 1947). Brown (1947; p. 536) 
found that the pore openings in the vall rock at the Edwards and Ba.lma t 
deposits are of capillary size, and there are no openings of visible size 
with any continuity. In trying to determine an ore medium that might be 
able to penetrate the rocks, Brown (1947; p. 539) postulated a metallic 
yapor coupled with water npor. A temperature study might imicate the 
state of the water present. Ingerson (1947; p. 379) states that while the 
critical temperature of pure water is 374°C a solution of 10 weight percent 
NaCl or KCl i increases the critical temperature of the solution 63°C. Ten 
weight percent was chosen because available data indicates salinity of quartz 
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inclusions to be of that order of .magnitud (lngerson, 1947; p~ 378). 
Kullerud' study (1953) of the aystem F 5-ZnS pro~des new satisfactory 
geologic thermometer for use in apbalerite deposits • . Utilizing the F S-ZnS 
system, a better estimate y be made of the state of the· water present at 
the time of ore deposition. 
It seems improbable that ore is deposited in th direction of in-
creasing temperature. A pattern of variation in temperature of formation 
may delineate the direction of flow of the ore fluid. 
The aid that knovled of the te rature of fo tion y prove to 
minin operatio rrants further . in stigati~. An ore deposit y b 
zoned on the basis of te erature of formation iaotherma. A uniform temper-
ature of fonation y indicate ~iform coaposit.ion of the ore. A new aid 
to ore develo nt is indicated. 
Acknowledgments Th author expr se hi appr ciati· n to Prof. Phillip y/ 
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II. PREVIOUS WORK 
An excellent review of the •thods and proble of geothermometry is 
presented by Ingerson (1956; p. 341-410). · It is unnecessary to give a 
comprehensive survey of current methods employed in geothermometry. The 
FeS-ZnS system and the liquid inclusion method are important to the study 
and will be explained more fully. 
~ Fe8-ZnS S7stem The FeS-ZnS system was worked out by Kullerud (1953). 
The amount of iron that will ent r the sphalerite structure is proportional 
to the temperature of formation. Because the introduction of iron cauaes 
an expansion of the lattice, the unt of iron that will enter sphalerite 
is proportional to the pressure also. Kullerud (1953; p. 106) calculated 
the effect of pressure. It vas found that for a given content of F S an 
increase in the pressure of formation of 1000 atm would D ceasitate an 
increase of approximately 25°C. to •intain equilibrium (Kullerud, 1953; 
p. 127). Kullerud (1953; p. 138) found the temperature of formation of a 
sphalerite sample of 8.3 weight percent FeS at Balmat to be 325 : 25°C if 
the pres t of formation is 2000 ~ 1000 atm. 
Several assumption are made in using the FeS-ZnS geothermo.eter. A 
list of the assumptions is: 
1. LeChatelierts Priaciple does not apply. Upon the addition of 
an excess of iron a reaction mst not take place which will 
use up some of the excesa beyoDi equilibrium coD!i tiona. 
2. Enough iron is present to et quilibrium coad.itions. 
3. Equilibri\lll is established between iron and spbaleri te at the 
time of deposition. 
4. No iron or zinc is added or subtracted after crystal fonation. 
__s. Th re are no fluxes present that effect the equilibri 
6. The presenc of foreign cations does not effect the FeS-ZnS 
equilibrium. 
7. The pre enc of excess sulfur or other anion doe not effect 
the FeS-ZnS equilibri~ 
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s. Pyrite-sphal rite equilibrium is not appreciably different from 
pyrrhotite-sphalerite equilibrium. 
9. There are no ir n or zinc b aring inclusions to iTe a fals 
es.timate of the Zn/Fe ratios. 
10. An stiDat of the pressure can be calculated. 
Most of the assumption ntioned ab·ove seem to be reasonable. 
LeCbatelierts Principle d oes not seem to ap·ply.. Kullend (1953; ·p. 80) 
foUDd that the .xi unt of ir that sphalerite will hold ·at 894°C 
is 36. 5 wt percent FeS ·although: bomb · wer -.de vi. th 50 wt percent and 40 
wt percent FeS. 
Kullerud tested the effect of for ign cations by .mixjn cadmium and 
-.ngane e ulfides with pur ZnS. Both cadaiua aud manpnese enter the 
sphalerite lattice. Both cadDdum and man1anese ~ the ZnS lattice 
(Kullerud, 1953; p. 114,116). The expansion effect of Fe, Cd and Mn is 
additive, and the a unt of iron that will fit into th sphalerite lattice 
i neither incr sed or decreased by the presence of manganese or cadDdum 
in 11 amounts (Kullerui, 1953; p. ll8) .. Kullend st t s (195 ; p. 119), 
"From .th above obsenations, it uay . e concluded that t least fairly small 
aac,tm. ts of MnS and CdS will haTe no 1 or a.t . least Tery little, influence on 
the solubility of FeS in 'beta·t ZDS." The as UlllPtion that th ~·o n cations 
will not ffect th Fe8-ZnS quilibriwa i at least upported . l>y· Kullerui' s 
Fe, Cd, and MD experi nts. 
A n er of fluxe were mixed in with tb sulfide to speed up the 
re&cti rat on runs low 7 50°C. Kull rud f that the presence of any 
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of the fluxes greatly influenced the F S-ZnS equilibrium (1953; p. 100). 
In fact a certain un-named flux was found to completely expel the FeS from 
the ZnS lattice (Kullerud, 1953; p. 100). The effect of fluxes on the 
Fe ~ZnS equilibrium remains a definite possible source for the introduction 
of error in temperature calculations. 
The activity of FeS in pyrite is less than five percent smaller than 
that of stoichiometric FeS (Kullerud, 1953; p. 108). Thus it is found 
that the solubility of FeS in ZnS is decreased by two percent when pyrite 
forms the system with sphalerite (1953; p. 109). When the amount of 
'elemental' sulfur present exceeds the amount that can be accounted for 
by equating the FeS to pyrite, the activity of the FeS is ·. harply decreased, 
and Fig. 1 may not be used as a geologic thermometer (1953; p. 109). 
Kullerud tested the formation of (Fe,Zn)S from a Fe-Zn alloy by passing a 
1:1 mixture of H2S/H2 over the alloy at te eratures around 400°C (1953; 
p. 99). The latter method was used to find the FeS-ZnS quilibrium at 
400°C. No radical chan e in the curve is noticed so that it may be assumed 
with some degree of confidence that u2s will not effect the FeS-ZnS equil-
ibrium. Since H2S is very likely present in ore fluid , this is an important 
assumption. 
If inseparable iron or zinc bearing inclusions are present in the 
sphalerite, the sample is not usable. It may be that small inc ~ ions 
oriented in the sphalerite are pyrrhotite that have exsolved fro the ZnS vr 
lattice over geologic time to come into equilibrium with present pre sure-
temperature conditions. The latter inclusions are important in calculating 
the true temperature of formation. Inclusions that d o not contain iron or 
zinc may be discounted by measuring Zn/Fe ratios. The more accurately the 
pressure of f ormation is known, the more accurately the temperature of 
formation may be calculated. Fig. 4 shows the effect of pressure on the 
FeS-ZnS temperature-dbmposition diagram. 
The reaction rate between FeS and ZnS is extremely slow below 400°C. 
Below 400°C, the phase diagram is based upon empirical values fitted into 
a free energy equation (For derivation see Kullerud, 1953; p. 100-104): 
T•ln(ln x) = Constant 
The latter equation yields a straight line whe~p· otted on log paper. The 
ctirve defined by the latter equation from the empirical results at higher 
temperatures is extrapolated to 138°C. Since pyrrhotite inverts at about 
138°C from the NiAs tructure to a tsupercell' with an unknown heat of 
formation, Kullerud was unable to c ontinue the phase diagram below 1J8°C 
(1953; p. 104). The solution of the FeS-ZnS system below 138°C would be 
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extremely valuable since most Mississippi Valley lead-zinc deposits probably 
formed below lJSoc. Kullerud ran one test on Joplin deposits with results 
indicating the temperature of formation of the ZnS less than 138°. 
From the discussion liven above, it will be seen that the following 
assumptions must hold true for correct use of the FeS-ZnS geothermometer: 
1. Equilibrium is established between FeS and ZnS. 
2. Enough iron is present to satisfy equilibrium conditions. 
3. No iron or zinc is subtracted or added after crystalization. 
4. The effect of any fluxes that may be present is negligible. 
5. The effect of any inclusions that may be present are either 
insignificant or can be discounted by measuring Zn/Fe ra ios. 
6. The amount of free sulfur available for reaction does not exceed 
the amount that can be accounted for by Fes2• 
7. For an accuracy of ! 25°C, the pressure of formation must be 
known within ! 1000 atm. 
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The equilibrium diagram for the sphalerite-pyrrhotite sys.tem is 
given in Fig. 1. The data from which Fig. 1 is drawn is given in Table 1. 
Columns 1-3 of Table 1 are taken from a personal communication ~th Gunnar 
Kullerud. The other five col~s of Table · l are derived from the first 
three. The latter fiv columns re used later in this paper to standardize 
working curves for determining atomic percent iron in sphalerite. 
Table 1: A Summary of Data Used For Working Curves 
Temp Wt% Mol. % Wt% Wt% Wt% ~ Atomic % oc FeS FeS ~ Fe Zn • Fe 
894 36.5 38.9 63.5 23.2 42 •. 6 1.84 24.7 
850 33.0 35.3 67.0 21.0 45.0 2.14 22.4 
~00 29.8 32.0 70.2 18.9 47.1 2.49 20.3 
750 26.7 28.7 73.3 17.0 49.2 2.90 18 •. 2 
700 24~9- 25.9 76.0 15.2 51. 0 3.34 16.4 
600 19.0 20.6 81.0 12.1 54.4 4.50 13.1 
500 14.7 16.0 85.3 9.34 57.2 6.13 10.2 
400 11.0 12.0 89.0 6.99 59.7 . 8.54 : 7.62 
300 7.45 8.19 92.55 4.73 62.1 13.1 5 .• 20 
200 4.80 5.29 95.20 3.05 63.9 20.9 3.36 
138 4.00 4.41 96.00 2.54 64.4 2 4 ·· 2.80 
Kullerud calculated the values of the molecular percents of FeS from 
the weight percents by use of the formula: 
110.85 a A is mol. % FeS 
A = 0.1085 a + 100 a is wt % FeS 
The author checked the formula given above by the following calculation 
for a sample of 30 wt percent Fe: 
= 32.2 mol. % FeS (la) 
wt% FeS = 30 · · 0.342 
mol. wt FeS 87.91 
(2a) 
wt % Zn = 70 = 0. 720 
mol. wt ZnS 97.44 
(2b) 
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ATOMIC PERCENT . IRON 
FIG. 1: THE (Fe,Zn)S EQUILIBRIUM DIAGRAM BETWEEN 138°C AND 894°C (I ATM) 
(Calculated From Kullerud Weight Percent Data; 1953,p. 9 8) -
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(2d) 
The values for the atomic weights of the elements were taken from a periodic 







The atomic weights given above giv values of: 
FeS = 63.53 Atomic % Fe 
ZnS = 67.10 Atomic % Zn 
.!.!!.2 Phase Fluid Inclusions The most co on method of determining g o-
logic temperatures has been to measure the temperature of disappearance 
of the phase boundary in two phase inclusions in minerals. The temperature 
of disappearance is usually measured on a thick 'thin section' placed in a 
heating stage and examined under a petrographic microscope. At elevated 
temperatures, fluids have a coefficient of expansion which is proportional 
to the existing temperature and pressur • 
If an inclusion of ore fluid is trapped inside a mineral which crystal-
lizes at a given temperature, the fluid will contract when the temperature 
drops and will expand slightly when the pressure drops. The fluid usually 
contracts enough so that a liquid phase orms that does not completely fill 
the cavity at room temperature and therefore will leave a bubble. 
The compressibility of crystals is probably negligible, and the cavity 
y be ·considered to be a system of defined size. A two phase inclusion at 
room temperature may indicate the inclusion was formed at some eleva ted 
temperature and pres ure when only one phase occupied the cavity. If l the 
pressure on the system is r ised, the fluid will be compressed, and the 
degree of fillin will decrease. In order to brin the degree of filling 
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back to the original valu und r the new pressure, the temperature must in-
crease. Thus many different ressure-temperature combinations will yield a 
similar degree of filling. 
If the fluid started out as one phase, the example given above pro-
vide a means of estimating the temperature of formation of the mineral 
that contains the elusion if the pressur at the time of formation is 
known. This is true because the degree of filling at room temperature 
will be proportional to the te perature and pressure of formation of the 
inclusion if the inclusion was completely filled •th the one phase at 
the ti of deposition. For a given pres ure only one temperature exist 
where the fluid will just fill the cavity. From Fig. 5a may be seen that 
a pre sure increase of 1000 atm rai es the equilibrium temperature by 
approximately 50°C. 
Peach, 1951; Bailey, 1949; Scott, 1948; Ingerson, 1947; and Newhouse, 
1933 ar amon thos who have performed fluid inclusion studies in geo-
thermometry. Bailey (1949; p. 304) tabulates the assumptions made in using 
the liquid inclusion method of geothermometry: 
1. The liquid completely filled the cavity at the time of crystal-
lization. 
2. The liquid is an aqueous solution uniform in concentration from 
inclusion to inclusion within a single crystal and containing no 
carbon dioxide. 
3. The pressure on the liquid at the time of inclusion can be 
estimated. 
4. Primary liquid inclusions can b distinguished from secondary 
inclusions. 
5. There has been no significant change in the volume of . the cavity 
itself due to pres ure, solution, or precipitation. 
6. There has been no addition or loss of liquid fro the cavity. 
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7. The sample used are re r sentative of the deposit under study. 
8. Secondary incl sions can be distingui hed fro ·primary inclusions. 
Ingerson note thr e difficulties inherent to the method (1947): 
1. Observational difficulties in determining exactly when the 
two phase boundary has disappeared. 
2. Inclusion leaka e during xperimentation. 
J. Pressure est· tes are xtr ly difficult. 
Kennedy (1950; p. 543-546) point out three significant assumptions: 
1 • . Gas has not leaked out of the vacule over geologic -time to 
come into equilibrium with the surroundings. No leakage 
occurred alon lineage bound ries. 
2. No liquid or gas has moved into the cavity. 
3. The effects of the constitu nt of the ore solution are -known.· 
For example. C02 with H2o would be more compressible than pure 
water while salts diss~lved in water would yield a less co~ 
pressibl solution than pure water. 
In applying the fluid inclusion thod to sphalerite geothe try, 
it hould be re mber d that sphalerite has excellent cleavage which would 
giv fluids a good chance to leak in or out over geolo ic time. 
The fluid ·inclusion thod u ed in combination with the ZnS-FeS geo-
thermometer provide a convenient and relatively accur te thod of estima-
ting the pressur and temperature of mineral formation. This pressure-
temperature· gauge will be discussed more fully in Section v .• 
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III. QUANTITATIVE ANALYSIS 
Min ral Separation Since pyrite is one of the least magnetic of minerals 
and sphalerite, especially the marma ti te variety, has a rather high mag-
netic susceptibility, a primary separation of pyrite from sphalerite was 
performed by use of a Meta-Magnet Associates electromagnet with a maximum 
of nine amperes passed on a 110 A.c. circuit. Samples 1, 3, am 4 con-
tained magnetite which made the separation on these samples difficult to 
perform magnetically. Most of the magnetite was removed by passing an 
alnico magnet over the crushed sample. The rest of the magnetite was re-
moved with a gnetized needl e under a JX binocular Ddcroscope. 
MUch gangue and some pyrite still remained adhered to th~ sphalerite. 
Each sample was then hand picked twice at plus forty mesh under a JX 
binocular microscope to eliminate as much gangue as possible. Samples 15 
and 16 contained hematite, but the separation is judged to be good. In 
sample 8 the separation of the pyrite fl'•• the sphalerite is judged to be 
good, but it was impossible to get rid of all the gangue. The effect of 
the gangue should have been discounted by measuring Zn/Fe ratios. Samples 
7 and 12 had thin pyrite 'leaves' which were wrapped around the sphalerite 
making complete separation extremely difficult. The values obtained from 
samples 7 and 12 are of questionable accuracy. 
Sample number 10 is a mixture of dark and light pbalerite. Many 
individual grains graded from brown to tan. For the latter reason.s sample 
10 is viewed in a questionable light. In ome samples pyrite occurred as 
cubes and in others as pyritbhedrons. In sample number 2 both pyrite-
ohedrons and cubes occur. Why pyrite so times forms cubes and other times 
pyritohedrons is not well understood. After the sphalerite was separated 
from the hand specimen, the sphalerite was analyzed for Zn/Fe ratios by 
x-ray fluorescence techniques standardized by 'wet' quantitative analysis. 
By measuring Zn/Fe ratios, non i.,ron and zinc gangue is discounted in de-
termining atomic percent iron. 
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The amount of iron in spha.leri te can be measured by many means. The 
higher the iron content, the higher the index of refraction (Winche11, .1951; 
p. 42). The higher the iron content, the higher the refringence under 
lithium and sodium light (Winchell , 1951; p. 42). The higher the iron con-
tent the lower the specific gravity (Winchell, 1951; p. 42). The higher 
the iron content, the lower the inversion temperature to wurtzite (Kullerud, 
1953; p. 65) (Winchell, 1951; p. 42). The higher the iron content, the 
larger is the lattice parameter (5.398-5.413) (Kullerud, 1953; p. 77). 
Probably the iron content is proportional to the magnetic susceptibility 
also. Pure ZnS is diamagnetic while the (Fe,Zn)S crystals are paramagnetic. 
The author noticed that upon separating the sphalerite with a magnetic 
needle some sphalerite could be picked up while other grains could not. 
Many of the methods mentioned above are also influ need by other ele-
ments (especially cadmium) such as lattice parameters, inversion temperature, 
and probably the optical methods. It is for the above reasons that the author 
decided to utilize direct measurements of the iron content. 
Volumetric Zinc The volumetric zinc procedure used was basically that given 
by Koltoff and Sandell (1952; p. 549-551). The method uses a potassium 
ferrocyanide titration with a diphenylamine internal indicator. The end-
point is passed and brought back with a zinc standard back-titration. 
The zinc standard was formed by dissolving 3.1118 gm of ZnO (previously 
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heated to a dull red for ten minutes) in 500 ml of 1.20 sp gr sulfuric acid. 
ZnO is 80.34 wt percent Zn. The zinc standard contains 0.-005 gm Zn/ ml. 
22.0007 gm of potassium ferrocyanide was dissolved in one liter of 
distilled water. To 20 or 40 ml of zinc oxide standard was added 25 ml 
of distilled water, 15 ml of 1.20 sp gr sulfuric acid, two rams of 
ammonium sulfate buffer salt, three drops of one percent potassium fer.ri-
cyanide solution and three drops of one percent diphenylamine indicator 
solution. Two milliliters of the ferrocyanide solution were added to the 
zinc standard before the addition of the ferricyanide and diphenylamine 
to facilitate the formation of the initial blue color._ ~he zinc standard 
was further titrated with ferrocyanide until the blue color changed ,,. to a 
cream. The speed of titration was diminished as the end point was approached. 
An attempt was made not to add more than a milliliter of ferrocyanide ·in 
excess. The sample was th n back-titrated slowly with zinc standard to the 
first app a~ nee of the purple color • . The results of the standardization 
of the potassium ferrocyanid are shown in Table 2. 
Table 2: Ferrocyanide Standardization 
Zn Sol. Ferrocyanide Back Tit. Zinc Equivalents 
!!!!!!. ml. ml. Zn Sol. ml mg/ml 
1. 20 17.92 0.60 5. 748 - o·.o12 
2. 20 18.08 0.83 5.761 + 0.001 
3. 20 17.65 0.27 5.770 + 0.010 
Average 5.760 + 0.008 
-
It is reeonmended by Koltoff and Sandell that the same procedure should be 
used in the analysis of unknowns as is used in standardization. 
Volumetric Iron The volumetric iron procedure is a potassium permanganate 
titration standardized by Mohr's salt (14.13 wt %Fe). The potassium 
per.manganate olution was diluted to twice the original volume because the 
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size of the sample run was liDdted and th samples contained a s 11 per-
centage of iron. 1.4000 gm of Mohr's alt was dis olved in 200 ml of 1.20 
p gr sulfuric acid and titrated immediately with pe n anate. The tandard-
iza tion was rerun u ing 1. 3998 of Mohr' lt. The re ults of the per-





















Avera e 2.498 ! 0.004 
Iron-Zinc Flowsheet Approxi tely 0.4 gm of s ple s weighed out • .J The 
sample was tr ated with 10 ml of concentrated HCl and gently heated. '!be 
b aker s c v red with a watch gla • Aft r th sampl was di olved, 
one-half millilit r of 1:4 03 added and the resultin olution wa 
boiled until chlorine 
w re washed with distilled 
giv n off. The co? r glass and beaker wall 
ter. Cone ntrat d a onium hydroxide was added 
with an eye dropper in 11 exce • Five millilit r of bromine water were 
added and the re ultin olution wa boil gently to get rid of the ~cess 
bromine. 
The precipitates of the iron, lumin 1 and gane e hydroxide were 
filtered off. Th precipitate wa dissol in hot 1:4 HCl and precipitated 
a ain by addition of · nium hydroxide and bromin ter a b fore. The 
precipitate s washed with water c ntaining NH40H and NH4Cl. The fil-
tr t s re united.. 
The zinc (filtrate) wa determine~ in the ma~mer as in the zinc 
standardization, except that the solution boiled with 11 unt of 
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test lead just before titration to get rid of any copper present. The iron 
precipitate was dissolved in hot dilute HCl, heated gently, covered with a 
cover glass, and SnCl was added drop by drop until the solution lost its 
yellow color. The cover glass and sides of · the beaker were washed with small 
amounts of water. The solution was diluted to 500 ml and stirred rapidly 
while adding 10 ml HgCl and 25 ml of 'preventive solution' • The resulting 
solution was titrated immediately with the permanganate. The 'preventive 
solution' contains 90 gm of manganous sulfate in 650 ml of water, t~ which 
are added 175 ml of concentrated sulfuric acid and 175 ml of phosphoric 
acid. The purpose of the 'preventive' solution is to render the chloride 
present harmless. Otherwise the chloride would interfere with the perman-
ganate titration. A complete data sheet of the analyses is given in 
Appendix III. 
X-R!Y Fluorescence A Norel co x-ray spectrograph (Type No. 52157) was 
attached to a Norelco water cooled x-ray diffraction unit. The sample was 
bombarded with white tungsten radiation produced at 50 kv and 20 rna. 
The geiger tube used in the present research was tested for linearity 
by plotting the intensity of the x-rays transmitted (counts per second) 
against succeasive thicknesses of Ni foil. 
test are expressed in Fig. 7 in Appendix II. 
The results of the geiger tube 
It will be noticed that the 
plot is a straight line between 30 and 500 counts per second. No inten-
sities were used which fell outside the known linearity range of the geiger 
tube. 
The intensity of · the first order zinc Ka line was found to be too great 
with respect to the iron Ka line to be able to measure both peaks quantita-
tively on one scaler setting. The second order zinc Ka (2Ka) was used which 
exercised to obtain reproducible results. It is reconmended that constant 
time and constant count methods of measuring intensity be investiaged to 
eliminate the planimeter measurements. The time consumed in planimetering 
a sample was approximately one hour. Approximately 1-3/4 hours were spent 
in recording the peaks for one sample. 
It will be noticed that the low angle side (right) of Fig. SA has the 
background grass on a ·higher level than on the high angle side. In this 
case the lower background was chosen as the true background, as shown-. 
Fig. BB shows the erratic type peak that was observed frequently on high 
zinc peaks and sometimes on iron peaks (see above). Ratios of Zn to Fe 
from the erratic curves agreed with the ratios of the more conventional 
peaks. No strong peaks of other elements occur near the 2Ka line. A way 
of loading the sample holder was developed which eliminated the appearance 
of the erratic peak (see below). A function of sample width may be indi-
eated because a fine powder coating lapped over the side of the well in 
many cases of sample holder loading by methods other than that described 
below. 
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The sample holder was a block of leuci te 1-5/16 x 1-15/16 x~· 3/8 inches. 
A hole of approximately one centimeter was drilled through the block, and 
a plug was fashioned that would snuggly fit into the hole making a. well. 
The plug was capable of completely filling the hole. A fluorescence test 
run was made on the sample holder. No iron or zinc peaks were observed. 
A nickel peak appeared which may be accounted for by the clip needed to hold 
the leucite sample holder in place in the fluorescence chamber. Leuci•e~ is 
very transparent to x-rays so that care must be taken in the choice of 
backing used to keep the sample holder in place. The author built up a 
backing of leucite and glass to keep the clip previously mentioned from 
disturbing the sample holder plug. 
The sample holder was loaded by fasten~ng the holder to a glass plate 
with two pieces of Scotch tape. It is fairly important that the sample 
holder remain tightly pressed against the glass plate. The sample, which 
was ground fine enough to pass through Miller's cloth, was poured into the 
resulting well. Th plug was inserted and pressed into place by holding 
the sample holder and glass plate in the left hand and applying. pressure 
by placing the right fore-finger under the well on the glass plate with 
the right thumb on the extruding plug. It is necessary for the glass 
plate to be quite clean or some of the sample will adhere to the plate 
destroying the smooth surface of the sample . 
Leucite is a atisfactory material for a holder, and approximately 
50 hours of use may be xpected if car is taken. t 50 kv and 20 rna, the 
author found that the leucite would start to ' boil' if bombarded with x-rays 
f or periods of greater than two or three hours at a time . After several 
hours of exposure to x-rays, the leucit becomes quite brittle, and care 
must be taken that no lateral pressure ar put on the leucite piug or the 
block will crack. 
It might be mentioned here that, although the Norelco unit on the 
Missouri School of Mines campus has voltage and amperage compensators that 
operate · up to five perc nt fluctu tion, voltage and current fluctuations are 
so great during the day that the machine will constantly shut down if op~r­
ation at 50 kv and 20 ma is desired. During the daytime it is also diffi-
cult to maintain ter pressure although a water pressure booster is 
attached to the chin • Saturday and Sundays are bad as weekdays. 
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enabled measurement of t he fluorescent Zn/Fe ratios on a scale factor of 8, 
a multiplier factor of 0 .8, and a time constant of 4 seconds. With the 
above setting, a ful l scale deflection is 320 counts per second. 
The iron Ka peak is at 40.18° 2Q and was scanned between 38° and 
42°. The zinc 2Ka peak is at 61.24° 2Q and was scanned between 59° and 
63°. Most peaks were scanned three times at a rate of 0.25° per minute 
to test precision. Samples 14, 22, and 24 were each removed, repacked, 
and reinserted in the machine to test reproducibility (See Appendix I). 
Reproducibility was found to lie within 0.02 or approximately to plus 
or minus one percent for the fluorescent Zn/Fe ratios. The sunmary of 
the fluorescent Zn/Fe ratios may be observed in the second column of 
Table 4. 
The areas under the Brown recorder curves are proportional to the 
intensity of fluorescent radiation. Examples of these curves may be ob-
served in Fig. 8 in Appendix II. Two curves are shown in Fig. 8, a normal 
curve (A) and an abnormal curve (B) which has several peaks. The abnormal 
curve may be similar t o that given by Klug and Alexander (1954; p. 308) 
characteristic of small time constant and slow scanning speed. The area 
under these curves was determined by drawing a base line at the bottom of 
the background 'grass' and then lines from the base line tangent to the 
lower part of the peak $urve as shown in Fig. SA. 
The instrument used to determine the areas under the curves is a 
Lasico compensating polar planimeter No. 123A which has a precision measure 
of 0.005 units. Greater accuracy in the third place was attempted by 
averaging the sum of five accumulative readings. Reproducibility was 
found to be quite difficult to achieve so that the utmost care must be 
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Nights are. better because the campus switches to city power ·,from campus 
power. 
The x-ray fluoresc nee procedure was standardized by 'wet' .quantita-
tive analysis as described above. Fig. 2 is given to enable conversion . 
from Zn/Fe weight ratios to atomic percent iron in sphalerite ~ (see the · 
last two columns of Table 1). Fig~ 3 shows the relationship of fluor-
escent Zn/Fe ratios and atomic percent iron . sphalerite. .Fig. 3 was 
plotted from the data of those samples on which -- twet' analyses -were nm 
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FIG. 3: CONVERSION CURVE FOR FLUORESCENT ZINC/IRON RATIOS TO 
ATOMIC PERCENT IRON 
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IV. STATF>miT AND APPLICATION OF 'IHE RESULTS 
The experimental results on the 12 samples from the 500 ft level 
(1-12) and the 13 samples from the 1500 ft level (13-25) are summarized 
in Table 4. 
It is of interest to know what is the maximum error in terms of 
degrees Centigrade of the temperature of formation of the sphalerite 
that can be expected from this method of analysis. From the actual fluor-
escent standardization curve used for calculation of atomic percent iron, 
the farthest distance that any Zn/Fe fluorescent value lies from the curve 
is equivalent to 0.1 atomic percent iron. The average deviation is 0.06 
atomic percent iron. Fig. 3 contains both the errors of the x-ray 
fluorescent and 'wet' quantitative analysis procedures. Thus the curve 
may be said to have an inherent error of ~ 0.06 atomic percent iron. From 
Appendix I it may be seen that the average deviation of a Zn/Fe fluorescent 
ratio is ! 0.02. On Fig. 3 the latter value is equivalent to ~ 0.1 atomic 
percent iron. 
The maximum error for any anknown fluorescent ratio applied to Fig. 3 
should be the sum of the error of the curve plus the error in the unknown 
ratio. The maximum error is then 0.16 atomic percent iron, or, keeping one 
significant figure, the maximum error is ~ 0.2 atomic percent iron. On 
Fig. 1, 0.2 atomic percent iron is equivalent to 1ooc on the steepest part 
of the curve. It seems reasonable that the temperatures given in Table 4 
have an experimental accuracy of ~ 1ooc. 
Table 4 shows the range of the temperature of formation of sphalerite 
to be 200°C at the Balma.t No. 2 mine. It bas been mentioned earlier that 
24 
water with 10 percent salinity has a critical -temperature of 437° . If 
the pressure of formation of the sphalerite at Balmat is 2000 atm, 13 
samples indicate a temperature of formation above the critical state . 
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On Maps A and B of the 500 and 1500 ft levels are shown the locations of 
the samples used in this study. From the information in Table 4 and know-
ledge of the location of the samples, a contour map of isotherms may be 
constructed showing the variation of the temperature of formation on the 
two levels. Although the assumed pressure of formation may not be correct, 
the relative variation in temperature of formation should remain constant 
if the pres ure of formation remains constant •. 
The scale of the two maps is approximately one inch to 200 ft , and 
the contour interval is 25 ft. The 1500 ft level appears to have three 
thermal peaks which may indicate three separate but overlapping loci of 
ore deposition. Two of the thermal peaks of the 1500 ft level have correl-
atives on the 500 ft level. An examination of the sphalerite west of 
sample 3 might reveal the third peak. It is interesting that a certain 
correlation may be made between the tempe'ra ture of f onna tion pattern of 
the 500 and 1500 ft level • 
Possibly the most interesting observation from Maps ·A and B is that 
while the temperature variation is roughly constant for each level (200° 
on the 500 ft level; 150° on the 1500 ft level) the maximum and minimum 
temperatures of f ormation on each level are similar (325°-525° on the 500 
ft level; 3 . ·,o-500° on the 1500 ft level). It must be remembered that a 
vertical distance of 1000 ft is represented while the radius of the ore 
body r presented on each level is about 350 ft . Sample 3 and sample .s ar 
about 100 ft apart; yet, their difference in temperatur of formation is 
roughly 100°. 
Brown (1947; p. 539) says, "Probably the microbr ccias were fofined, 
or at least received their significant shatt ring at or just following 
this period (granitic intrusion), and the or deposition nsued soon or 
concomitantly." Previous to this Brown (1947; p. 532) said, ''Structurally 
ore shoot tend to follow contacts between unlike wall rocks, particularly 
betwe n limesto and diopside rock, or limestone and tr molite. Even 
within the area mapped a serpentinous diopside , narrow bands of purer 
limestone usually follow the ore on one wall or the other indicating that 
the ore body occupies a zone of compositional gradation." 
If the ore fluids were introduced rapidly into the microbrecciated 
zones and wall rock boundaries, the ore fluid ~ght not have been given 
a chance to cool . If th permeability of the wall rock decreased laterally, 
the lateral movement of the ore fluid would be retarded and given more ti 
to be cooled by the country rock over a given distanc than in the central 
pipe. In this case ome sphalerite mdght have been deposited because of 
,, change of solubility with temperature, but the pr ference of the veins 
for calcit (see above) indicates basically a chemical control for depo-
sition with permeability governing transport to the limestones . 
The highest iron content sphalerites are found on the 500 ft level 
(Sa 91 11) . The author cannot envision an ore solution oving downward 
and coolin or upward and heating. Thi anomalous pattern might occur if: 
1. There was an abnormal drop in pressure between the two levels 
(1000 ft of rock load would approximate 70 atm). If the 
pr ssure on the 500 ft level re 1000 atm less than on the 
1500 ft level, the temperatur of formation on the 1500 ft 
level should be increa ed 25°. 
26 
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Table 4: A Summary Of The Experimental Results 
Zn/Fe Zn/Fe Weight % At omic % 0 Temp. C Temp. °C 
Sa . No . (F1uores . ) (Wet) Fe Fe {1 atm) (2000 atm) 
1 2 . 63 4.5 4 . 9 280 330 
2 2. 54 4.6 5. 1 290 340 
3 1 . 79 6. 2 6 . 8 380 430 
4 2.43 12 . 6 (4 . 8) (5.3) 310 360 
5 2 . ft 4. 3 4 . 8 270 320 
6 1 . 83 6.1 6. 5 390 440 
7(?) 1 . 55 7. 0 7. 6 410 460 
8(?) 2 . 12 5. 4 5. 9 360 410 
9 1.22 7.0 (8 . 4) (9 . 2) 475 525 
10 1.95 5 . 8 6. 3 350 460 
11 1 . 24 7.0 (8.4) (9 . 2) 475 525 ~, 
12(?) 1 . 58 7.0 7. 5 410 460 
13 2. 11 5.5 5. 9 360 410 
14a 2. 29 
14b 1 . 53 
14c 2. 29 
14(avg) 2. 29 5.1 5. 5 310 360 
15 1. 60 6.8 7. 4 400 450 
16 1 . 51 7.1 7. 7 410 460 
17 2. 51 13. 2 (4 . 7) (5 . 1) 290 340 
18 2. 02 10. 5 (5 . 7) (6.2) 3.50 400 
19 1 . 70 6.5 7.0 390 440 
20 1 . 32 7.9 8.6 450 500 
21 1 . 56 6.9 7. 5 410 460 
22a 2.45 
22b 2. 44 
22c 2. 35 
22d 2. 47 
22(avg) 2. 45 13.0 (4.8) (5.2) 300 350 
23 1. 77 6.3 6. 8 380 430 
24a 1 . 61 
24b 1 . 60 
24c 1. 62 
24d 1. 47 
24e 1 . 64 
24 (avg) 1 . 62 9. 0 (6 . 7) (7 . 2) 400 450 
25 2.29 5. 1 5. 6 320 370 
L 
II 
Map • • Isotherm And S pl. Lecation 




' ' 'b \ \ 
_ ..... , o, '\ \ 
' ' ', \ 
\ ' ' \ 
-.... ' \ '1P. , 
'\ \ \ .. 
'\ ~ \, ~ 
\ ~ ' \ ., '\ 




' ' ' ..... 
M p .EB Isotherms And S 
On Tb.e 1500 
PLAN VIEWS OF THE 
t1on 
28 
2. The highest iron content sphalerites of the 1500 ft level 
escaped sampling. 
3. There is an error in the quantitative analysis. 
4. The difference in temperature is close to the limit of accuracy 
of the experimental method. 
The answer to the apparent temperature rise may be a combination of all 
four of the factors mentioned above (average deviation in quantitative 
analysis was 0.2 atomic percent Fe or quivalent to 10°C.). The 500 
level is not directl y above the 1500 ft level so the direction of move-
ment of the ore fluid was intermediate between vertical and horizontal. 
An interesting problem would be to consider the effects a drop in 
temperature might have on an ore fluid l.n which all other factors remain 
constant. From Table 4 it may be seen that the highest iron content 
sphalerite has 8.5 wt percent Fe (525°), and the lowest iron content 
sphalerite contains 4. 3 wt percent Fe. Hypothetically an ore fluid might 
be considered to hav a composition of 8.3 wt percent iron and 91.7 wt 
percent ZnS~ If this ore fluid deposited all the available ZnS at 525° 
and 2000 atm, all the available iron would enter the sphalerite lattice. 
If this same ore f l uid deposited the sphalerite at 320° and 2000 atm 
instead of at 525° only 4.3 wt percent Fe may exist in the sphalerite 
lattice, or there would be an excess of iron of 4.1 wt percent. One ton 
of ore would now con ist of 4.1 wt percent Fe and 95.9 wt percent (Zn,Fe)S. 
This is equivalent to 82 lb of iron and 1918 lb of (Zn,Fe}S. If all ·the 
excess iron is deposited as pyrite 82 lb of iron is equivalent 178 lb 
of pyrite. Thus our original deposit would consist of 178 lb of ~ pyrite 
and 1918 lb of sphalerite or 2096 lb~ 
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Th d n ity of pyrite i 5.0; th den ity of sphalerite i pprox-
t ly 4. 0. On cubic foot of pyri t would igh 312 lb, and on cubic 
foot of sphalerite ould i h 249.6 lb. Tb n 178 lb of pyrit i equi-
valent to 0.57 cu ft, and 1918 lb of phalerite i equiv 1 nt to 7.68 cu 
30 
ft. Thus the or body i 93 vol percent sphalerit and 7 vol percent pyrite. 
At th low r t 20 6 lb of o would contain 178 lb of pyrite or 
7 vol p rcent. No pyrite ould be cted in the higher t per ture depo it. 
In e uch a Ba.l t, re pyri t might be expected in th lo r 
t mper ture portio of the or body than in th higher temperature por-
tions if only th 1 control i con id red. A statistical mineralo phic 
stooy should indicat if thi relation hip exists. It might be that both 
high iron 1 rit and pyrite cannot b voided in a deposit such as the 
one covered in thi r port. Ho er 1 a choice mi ht b bl to be e 
between li ttl pyrite ir rich sphal rite or much pyr . e with iron 
poor phal rit • Undoubtedly other f ct r will influ nee the depo ition 
of pyrit , 1 o, such as th pH, change of olubility with t rature, 
and H2S concentration. Ho er, a r complete tu:ly might prov that 
the proc cov red o play a significant rol in the pyrit segre-
1 tion in lerit de o it • 
Lat r in thi 
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V. SPHALERITE: A PRESSURE-T»iPERA TURE GAUGE 
It has been men*ioned that the solubility of iron in sphalerite is 
proportional not only to temperature but to pressure a well because the 
sphalerite lattice is expanded upon addition of iron. Fig·. 4 shows the 
temperature-composition diagram for several different pressures. It may 
be seen that data can be obtained for a pressure-tempera~ curve for 
sphalerite of a particular iron content . The data for Fig. 4 is given 
in Table 5. 
Table 5 ,: Pressure-Temperature-Composition Data 
T °K . 1_~ 1000 atm 2000 atm 3000 atm 4000 atm 5000 atm 
973 1~~:!4 15.2 14.1 13.0 12.0 11.1 
873 13.1 12.0 11.0 10.1 9.26 8.49 
773 10 .2 9.25 8.38 7.60 6.89 6.25 
673 7.62 6 .80 6>~1()7 
~ .. 
5.42 4.84 4.32 
573 5.20 4.55 3.98 3.48 3.05 2.67 
473 3.36 2.86 2.43 2.07 1 .76 l.SO 
412 2.80 2.33 1.94 1 . 61 1.34 1.11 
ColUJII'ls one and two in Table 5 are taken from columns one and seven of 
Table 1. The values for atomic percent content in the succeeding colunns 
were derived from the formul a given by Kullerud (1953; p. 105): 
and 
thus 
x1 is the atomic perectttt . iron .. at the' ·'loWer ' pressure 
X is the atomic pereent ir"Od At tM .. hig~r pressure 
6 V is the change in volume fran p\tl'e sphalerite (39. 333 A3) 
to the volume fbat, FeS should have with the sphalerite 
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P1 is the lower pressure 
P is the higher pressure 
The assumptions made in calculating the pressure from the above formulas 
are: 
1. The solution of iron in sphalerite is ideal. 
2. The molar volume of sphalerite type FeS is approximately 
correct (this volume was found by extrapolating known ex-
pansions of the sphalerite lattice by FeS to the point that 
all the ZnS has been replaced by FeS) (See Kullerud; 1953, 
p.92). 
3. Errors in the non-ideality of the solid solution will be dis-
counted by keeping pressure calculations to 1000 atm increments. 
'l1le pressure effect IIU&t also be taken into account in the applica-
tion of two-phase inc:luaions to geothe~try, although this is not 
uaually done. Kennedy (1950: p. 540) baa shown that pressure will 
definitely effect the degree of fillinc of inclusions because of the 
coapreaaibility of water. Kennedy'• fipre is redrawn and presented as 
Fi1. 5&. The decree of filling ia usually measured in geology by deter-
•ininl the t.-perature of disappearance of the two phase beundary in the 
inc:luaion. Inpraon (1947; p. 378) has shown that the salinity of the 
ore solution would affect the apparent teaperature of formation as shown 
in Fie. 5b. The higher the aline content the less compressible the 
solution so the bi&her the teaperature for the same degree of filling. 
By measuring the degree of filling at the temperature of disappearance 
of the two phase boundary this difference in compressibility with salinity 
is discounted. Some error will be introduced in pressure calculations 
from Kennedy's pressure correction graph because it was calculated for 
pure water. A good estimate ahould be obtained of a pressure-temperature 
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Fig. 5b: Temperature Of Disappearance vs. Degree Of Filling 
The assumption that th.e inclusions and the (Zn,Fe)S crystal formed at 
the same temperature and pressure seems valid (disregarding secondary in-
clusion). Thus if we plot the pressure-temperature curves of a sphalerite 
with fluid inclusions for the atomic percent iron found in the sphalerite 
and the disappearanCt! of the two phase inclusions, the pressure temperature 
curves should intersect at the pressure and temperature of formation. A 
hypothetical example of this pressure temperature gauge is given for a 
sphalerite of six atomic percent iron and temperature of disappearance of 
the two phase inclusion of 300°C. It will be seen in Fig. 6 that the in-
dicated temperature and pressure of formation is 350°C and 700 atm. It 
must be ren~mbered that all of the assumptions that influence the FeS-ZnS 
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GAUGE 
---Sphalerite of six atomic percent iron 
- -- Spha lerite in which the two phase boundary 
disappears at 300°C 
VI. SUMMARY AND CONCLUSIONS 
Twelve samples from the 500 ft level and 13 ~ples from the 1500 ft 
level from the Balmat No. 2 mine were analyzed for iron content of 
sphalerite. The results of the quantitatiTe analysis were applied to the 
FeS-ZnS geothermometer as worked out by Kullerud. A range in temperature 
of formation of 200°C for the deposit was found. The temperature variation 
pattern may be roughly correlated between the two levels. A few more 
samples would be desirable for more isothermal control. 
A relatively accurate method of measuring the pressure-temperature 
conditions of sphalerite formation is presented. The pressure-temperature 
conditions are determined by drawing the pressure-temperature curves for 
the iron content of sphalerite and the degree of filling of two phase in-
clusions. The intersection of the two pressure-temperature curves should 
indicate the pressure and temperatur~ of formation of the sphalerite be-
cause the inclusion and the sphalerite crystal formed at about the same 
eODti;ti •• . The pressure temperature gauge will only apply when the 
assumptions used in the FeS-ZnS and fluid inclusion geothermometers are 
valid. 
From this study it may be concluded that deposition of sphalerite in 
38 
an ore body may take place under widely varying sets of pressure-tempera-
ture conditions. The quoting of the temperature of formation of the minerals 
from a mine from one or two analyses is invalid. The pattern of change in 
the temperature of fonnation may be roughly correlated from level to level 
in such a mine as the Balmat No. 2. The variation in temperature was 
mostly lateral (roughly 1° /ft ?) • The Balmat deposit would be classified 
as hypothermal following Lindgren. If the estimate of pressure is 
conservative, most of the water present must have been in the super-
critical state even assuming 10 percent salini~. 
39 
There is a suggestion of three distinct pipes and/or stages of ore 
fluid introduction. A more complete study of the three ore bodies inclu-
ding age determi~ions should prove interesting. Another study of interest 
would be to examine the variation of the wall rock mineralogy with the 
sphalerite temperature of formation. 
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APPENDIX I Calculation of Zn/Fe Fluorescent Ratios 
Colunns a. 1 b. 1 and c. are the cumulative planimeter relative area measure-
ments underneath a fluorescent peak. The number immediately above the bar 
is the sum of 'x' relative area measurements (usually five). The number 
beneath the bar is obtained by dividing the latter number by 'x'. 






















o. 702 0.272 
Zn/Fe = 0.712/0.271 2.63 ~ 0.01 
Sample No. 2 
a. Zn b. Zn c. Zn a. Fe 
0.73 0.77 o. 72 0.30 
1.46 1.54 1.44 0.57 
2.18 2.32 2.16 0.85 
2,91 3,05 2.94 1.16 
3.64 3.83 3,67 1.45 
0.728 0.766 0.734 0.290 
Zn/Fe = 0.743/0.293 2.54 ~ 0.02 
Sample No. 3 
a. Zn b. Zn c. Zn a, Fe 
0,73 0.75 0.75 0,42 
1.42 1.44 1.50 0.82 
2,13 2.11 2.23 1.23 
2,85 2.82 2,93 1.63 
3.56 3.52 3.65 2,03 
0.712 0.704 o. 730 0.406 
Zn/Fe = 0,715/0,399 = 1.79 ! O~Ol 























0.716 + 0.004 




0.272 + 0.001 
0.274 + 0.003 
0,266 - 0.005 
0.271 :!: 0.003 
Zn: 
0.728- 0.015 
0.766 + 0.023 
0.735 + 0.008 
0.743! 0.015 
Fe: 
0,290 - 0.003 
0,310 + 0.017 
0~280 - 0.013 
0,293 !. 0.011 
Zn: 
0.712 - 0.003 
0.704- 0.011 
0,730 + 0.015 
0.715: 0.010 
Fe: 
0,406 + 0.007 
0,392 - 0.007 
0,400 + 0.001 
0.399 ~ 0.005 
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APPENDIX I (Continued) 
Sample No. 4 
a. Zn b. Zn c. Zn a. Fe b. Fe c. Fe 
0.60 0.65 0.62 0.25 0.25 0.26 0.604 - 0.006 
1.20 1.26 1.23 0.50 0.52 0.59 0.610 - o.ooo 
1.79 1.82 1.84 0.74 o. 76 o. 74 0.616 + 0.006 
2.41 2.45 2.45 0.99 1.03 0.98 0.610 : 0.004 
3.02 3.05 3.08 1.25 1.28 1.24 
0.604 0.610 0.616 0.250 0.256 0.248 Fe: 
0.250 - 0.001 
0.256 + 0.005 
Zn/Fe = 0.610/0.251 = 2.43 ! 0.01 0.248 - 0.003 0.251 : 0.003 
Sample No. 5 
a. Zn b. Zn c. Zn a . Fe b. Fe c. Fe Zn: 
0.45 0.48 0 .48 0.17 0.18 0.16 0.474 
0.95 0.95 0 .93 0.35 0.35 0.34 
1.37 1.42 1.38 0.52 0.54 0.51 
1.85 1.89 1.91 0.69 0.73 0.69 Fe: 
2.34 2.37 2.37 0.86 0.91 0.86 0.170 - 0.004 
2.85 1.02 1.10 1.02 0.183 + 0.009 
0.474 0.474 0 .474 0.170 0.183 0.170 0.170 - 0.004 
0.174 ! 0.006 
Zn/Fe = 0.474/0.174 = 2.72 ~ 0.01 
Sample No. 6 
a. Zn b. Zn c. Zn a. Fe b. Fe c. Fe Zn: 
0.44 0.45 0.51 0.26 0.27 0.27 0.462 - 0.018 
0 •. 90 0.96 1.00 0.54 0.53 0.53 0.492 + 0.012 
1.36 1.46 1.46 0.82 0.81 0.81 0.486 + 0.006 
1.85 1.93 1.96 1.07 1.05 1.05 0.480 ! 0.012 
2.32 2.43 2.46 1.32 1!31 1.32 
0.464 0.486 0.492 0.264 0.262 0.264 Fe: 
0.264 + 0.001 
0.262 - 0.001 
/Fe = 0.480/0.263 = 1.83 ! 0.01 0.264 + 0.001 
o.263 ! o.ooi 
APPENDIX I (Continued) 
Sample No. 7 
a. Zn b. Zn c. Zn a. Fe 
0.97 0.98 1.02 0.66 
1.98 1.98 2.05 1~32 
2.98 2.98 3.07 2.00 
3.97 3.98 4.07 2.68 
4.96 5,02 5.12 3.34 
0,992 1,004 1.024 0 •. 668 
Zn/Fe • 1.007/0.673 = 1.50 ! 0.02 
Sample No. 8 
a. Zn b. Zn c. Zn a. Fe 
1,43 1.48 1.41 0.73 
2.86 2.92 2.82 1.40 
4.30 4,37 4,28 2.05 
5.73 5.85 5.74 2.74 
7.17 7,31 7.15 3.43 
1.434 1.462 1.430 0.686 
Zn/Fe = 1.442/0.683 = 2,12 ~ 0.02 
Sample No• ' 9 
a. Zn b. Zn c. Zn a. Fe 
0.57 0.56 0.57 0, 3 
1.14 1.16 1.16 0.86 
1.70 1.74 1.71 1.28 
2.27 2.32 2.27 1.71 
2.85 2,90 2.85 2.13 
0.570 0.580 0.570 0.426 
Zn/Fe = 0.573/0.435 = 1.22 ! o.ol 











2. 77 2.67 
3.47 3.· 
0.694 0.670 








0.992 - 0.015 
1._004 - 0.003 
02:-4 + ~ 0- 117 
1.007 ! 0.012 
Fe: 
0.668 - 0,005 
0.658 - 0.015 
0.692 + 0.019 
0.673 ! 0.013 
Zn: 
1.434 - o.oo8 
1.462 + 0.020 
1,430 - 0.012 
1.442 : 0.013 
Fe: 
0.686 + 0.003 
0.694 + 0.011 
0,670 - 0,013 
0.683 !: 0.010 
Zn: 
0.570 - 0.003 
0.580 + 0.007 
0.570 - 0.003 
0.573 ! 0.004 
Fe: 
0,.426 - 0.009 
0.430 - 0.003 
0.448 + Q,Ol3 
0.435 : 0.008 
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APPF2iDIX I (Continued) 
Sample No. 10 
a. Zn b. Zn c. Zn a. F 
1.31 1.25 1.27 0.65 
2.62 2.46 2.55 1.32 
3.91 3.73 3.82 1.95 
5.16 5.01 5.07 2.56 
6.45 6.28 6.34 3.31 
1.290 1.256 1.268 0.662 
Zn/Fe = 1.271/0.654 = 1.95 ! 0,02 
Sample No. 11 
a. Zn b. Zn c. Zn a. Fe 
1,25 1.21 1 .27 0.98 
2.46 2.43 2,54 1.97 
3,73 3,68 3.78 2.95 
4.94 4.91 5,08 3,96 
6.!4 6.13 6,36 4.98 
1.228 1.226 1.272 0,998 
Zn/Fe = 1.242/1.005 = 1.24 ! 0.03 
Sample No. 12 
a, Zn b. Zn c. Zn a. F 
0,98 0.98 0.96 0.63 
1.97 1.92 2.05 1.25 
2,96 2,·91 3,03 1,88 
3,95 3,91 4,01 2.50 
4,94 4.87 5.02 3!14 
0.988 0,974 1,004 0,628 
Zn/Fe = 0,989/0,623 = 1.58 : 0.02 






















,290 + 0.019 
1.256 - 0.015 
1.268 - 0,002 
1.271 : 0,018 
Fe: 
0.662 + 0.008 
0,652 - 0.002 
0.648 - 0,006 
0,654 ! (}.005 
Zn: 
1.228 - 0,014 
1,226 - 0.016 
.1.272 + 0,030 
Fe: 
0,998 - 0.007 
1,004 - 0,001 
1,014 + 0,009 
1.005 - 0.006 
Zn: 
0,988 - 0.001 
0,974 - 0,015 
1,004 + 0,015 
0,989 : 0,010 
Fe: 
0,628 + 0,005 
0,616 - 0,007 
0,626 + 0,003 
0,623 ~ 0,005 
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APPFE>IX I (Continued) 
Sample No. 13 
a. Zn b. Zn c. Zn a. Fe b. Fe 
1.38 1.35 1.37 0.67 0.67 
2. 75 2.74 2.76 1.33 1.32 
4.14 3.10 4.13 1.97 1.97 
5.52 4.44 5.51 2.63 2.63 
6.90 5.83 6.89 3.26 3.28 
1.380 1.366 1.378 0.652 0.656 
Zn/Fe = 1.375/0.653 = 2.11 
Sample No. 14a (Engineer's Day Morning} 
a. Zn b. Zn c. Zn a. Fe b. Fe 
0.61 0.64 No 0.28 0.27 
1.24 1.28 Good 0.57 0.55 
1.86 1.92 0.85 0.83 
2.46 2.55 1.12 1.09 
3.08 3.19 1.39 1.36 
0.616 0.638 0.278 0.272 
Zn/Fe = 0.627/0.275 2.29 ~ 0.01 
Sample No. 14b (Engineer's Day Afternoon) 
a. Zn b. Zn a. Fe b. Fe 
0.57 0.57 0.23 0.23 
1.18 1.15 0.45 o. , 
1.73 1.75 0.67 0.69 
2.30 2.33 0.89 0.93 
2.85 2.90 1.12 1.15 
0.570 0.580 0.224 0.230 



















1.380 + 0.005 
1.368 - 0.007 
1.378 + 0.003 
1.375 : 0.005 
Fe: 
0.652 - 0.001 
0.656 + 0.003 
0.652 - 0.001 
0.653 ~ 0.002 
Zn: 
o.616 - o.on 
0.638 + 0.011 
0.627 ~ 0.011 
Fe: 
0~~78 + 0.003 
0.272 - 0.003 
0.274 - 0.001 








0.227 ~ 0.003 
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APPENDIX I (Continued) 
Sample No. 14c (After 9:00 pm on Engineer's Day) 
a. Zn b. Zn c. Zn a. Fe b. Fe c. Fe Zn: 
0.69 0.71 0.65 0.29 0 .• 27 0.32 0.692 + 0.013 
1.39 1.40 1.31 0.58 0." 0.61 0.686 + 0.007 
2.09 2.08 1.96 0.92 0.84 0.92 0.660 - 0.019 
2.78 2.75 2.64 1.23 1.12 1.22 0.679 ~ 0.013 
3.46 3.43 3.30 1.52 1.41 1.51 
0.692 0.686 0.660 0.304 0.282 0.302 Fe: 
o.J04 + o.oo8 
0.282 - 0.014 
Zn/Fe = 0.679/0.296 = 2.29 ! 0.02 
o.3o2 • o_ooG 
o.296 ~ o.oo8 
Sample No . 15 
a. Zn b. Zn c. Zn a. Fe b. Fe c. Fe Zll 
0.52 0.54 0 .55 0 . 34 0.35 0.35 0 .546 + 0.003 
1.06 1. 1.09 0.68 0.68 0.71 0.538 - 0.005 
1.63 1.63 1.63 1.00 1".02 1.05 0.544 + 0.001 
2.20 2.15 2.16 1.32 1.35 1.41 0.543 : 0.003 
2.73 2.69 2.72 1 .66 1.69 1.76 
0.546 0.538 0.544 0.332 0.338 0.352 Fe: 
0.332 - 0.009 
0.338 - 0.003 
Zn/Fe = 0.543/0.341 = 1.60 ~ 0.01 0.352 + 0.011 0.341 ! 0.007 
Sample No. 16 
a. Zn b. Zn c. Zn a. Fe b. Fe c. Fe Zn: 
0.60 0.53 0.55 0.40 0.36 0.37 0.554 + 0.009 
1.14 1.05 1.10 0.77 0 .72 0.71 0.532 - 0.013 
1.65 1.60 1.66 1.12 1 .06 1.05 0 .. 550 + 0.005 
2.22 2.14 2.18 1.46 1.41 1.40 0.545 ~ 0.009 
2.77 2.66 2.75 1.83 1!80 1". 72 
0.554 0.532 0.550 0.366 0.360 ' 0.356 Fe: 
0.366 + 0.005 
0.360 - 0.001 
Zn/Fe = 0.545/0.361 = 1.51 ~ 0.01 0.356 - 0.005 0.361 ~ 0.004 
APPEND II I (Continu ) 
p1e o. 17 
.Zn b. Zn c~ Zn • F 
0.57 0.55 0.58 0.22 
1.13 1.11 1.14 0.45 
1.68 1 •. 65 1.72 0.68 
2.23 2.24 2.26 0.90 
2.80 2.83 2.83 1.13 
0.560 0.566 0.566 0.226 
Zn/Fe • 0.564/0.225 = 2.51 ! 0.01 
Sample o. 18 
a. Zn b. Zn c. Zn a. Fe 
0.55 0,54 0.52 0.25 
1.08 1 •. 09 1.05 0.52 
1.63 1.64 1.59 0.79 
2.15 2.17 2.12 1.06 
2,68 2.72 2.65 1.32 
0.536 o:5ii 0.530 0.264 
Zn/Fe • 0.537/0.265 • 2.02 ! 0.01 
Samp1 No, 19 
a. Zn b. Zn c. Zn a. Fe 
1.41 1.44 1.44 0.84 
2.78 2.85 2.84 1.70 
4.17 4.26 4.27 2.52 
5.57 S.71 5.68 3.35 
6.95 7.14 7.10 41 19 
1,390 1.426 1.420 0.838 
Zn/F - 1.412/0.835 - 1.70! 0.02 




0.92 0 •. 89 
1,15 1 110 
0.230 .220 















o. 560 - 0.004 
0.566 + 0.002 
0.566 + 0.002 
0 564 + 0 003 . 
.• - . 
Fe: 
0.226 + 0.001 
0.230 + 0.005 
0,220 - 0.005 
0,225 ~ 0,004 
Zn: 
0.536 - 0.001 
0.544 + 0.007 
0.530 - 0,007 
0,537 ! 0.005 
F : 
0.264 - .001 
0.268 + 0.003 
0.262 - 0.003 
0.265 ! 0.002 
Zn: 
1,390 - 0.022 
1.426 + 0.014 
1.420 + 0.008 
1.412 ~ 0·.015 
Fe: 
0.838 + 0.003 
0.842 + 0.007 
0.826 - 0,009 
0.835 ! 0.006 
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APPENDIX I (Continued) 
Sample No. 20 
a. Zn b. Zn c. Zn a. Fe 
1.45 1.45 1.42 1.15 
2.89 2.86 2.86 2.19 
4.32 4.30 4.32 3.25 
5.73 5.73 5.75 4.35 
7.16 7.10 7.19 5.42 
1.432 1.420 1.438 1.084 
Zn/Fe = 1.430/1.083 = 1.32 ~ 0.01 
Sample No. 21 
a. Zn b. Zn c. Zn a. Fe 
1.18 1.17 1.21 0.77 
2.34 2.36 2.42 1.56 
3.54 3.53 3.61 2.33 
4.73 4.73 4.77 3.07 
5.94 5.92 5.94 3.82 
1.188 1.184 1.188 0.764 
zn/Fe = 1.187/0.759 = 1.56 ~ o.ol 
Sample No. 22a 
a. Zn b. Zn c. Zn a. Fe 
0.85 0.85 0.84 0.34 
1.70 1.74 1.68 0.70 
2.51 2.52 2.54 1.02 
3.36 3.37 l.40 1.37 
4.21 4.23 4.23 1.72 
0.842 0.846 0.846 0.344 
Zn/Fe = 0.845/0.345 = 2.45 ~ o.ol 







b. Fe c. Fe 





o. 756 0.758 
b. Fe c. Fe 
0.34 0.35 
0.68 o. 70 
1.00 1.06 
1.34 1.42 
1.68 1. 78 
0.336 o:3s6 
Zn: 
L.432 + 0.002 
1.420 - 0.010 
1.438 + 0.008 
1.430 ~ 0.007 
Fe:· 
1.084 + 0.001 
1.074 - 0.009 
1.090 + 0.007 
1.083 ~ 0.006 
Zn: 
1.188 + 0.001 
1.184 - 0.003 
1.188 + 0.001 
1.187 + 0.002 
Fe: 
0.764 + 0.005 
0.756- 0.003 
0.758- 0.001 
--s + o. 7 9 - 0.003 
Zn: 
0.842 - 0.003 
0.846 + 0.001 
0.846 + 0.001 
o:B4s ~ 0. 002 
re:·1 
0.344 - 0.001 
0.336 - 0.009 
0.356 + 0.011 
0. 345 ! o:oo7 
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Sample No. 22b 
a. Zn b. Zn c. Zn d. 
1.21 1.21 1.29 1.21 
2.43 2.40 2.57 2.42 
3.57 3.61 3.85 3.65 
4. 71 4.82 5.00 4.84 
6.00 6.02 6.14 6.01 
1.200 1.204 1.228 1.202 
Zn/Fe 1.209/0.494 = 2.44 ~ 0.01 
Sample No. 22c 
a. Zn b. Zn c. Zn a. Fe 
1.01 1.06 1.03 0.43 
2.03 2.06 2.04 0.87 
3.01 3.13 3.06 1.31 
4.05 4.14 4.05 1.75 
5.03 5.13 5.03 2.19 
1.006 1.022 1.006 0.438 
Zn/Fe • l.011f 31 2.35 ~ 0.01 
Sample No. 22d 
a. Zn b. Zn c. Zn a. Fe 
0.65 0.68 0.63 0.,26 
1.31 1.32 1.28 0.52 
1.94 1.97 1.91 0.77 
2.59 2.64 2.53 1.03 
3.24 3.29 31 14 1.28 
0.648 0.658 0.634 0.256 




















































1.200 - 0.009 
1.204 - 0.005 
1.228 + 0.017 
1.202 - 0.007 
1.209 : 0.009 
Fe: 
0.490 - 0.004 
0.492 - 0~002 
o.soo + 0.006 
0.494 ~ 0.004 
1.oo6- o.oos -
1.022 + 0.011 
1.006 - 0.005 
1.011 ~ 0.007 
Fe: 
0.438 + 0.007 
0-.432 + 0.001 
0.422 - 0.00.9 
0.431 ~ 0.006 
Zn: 
0.648 + 0.001 
0.658 + 0.011 
0.634 - 0.013 
0.647 ! 0.008 
Fe: 
0.256 - 0.006 
0.264 + 0.002 
0.266 + 0.004 
0.262 ~ 0.004 
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Sample No . 23 
a. Zn b. Zn c. Zn a. Fe b. Fe 
0.69 0.65 0.68 0.40 0.38 
1.36 1 .32 1 .35 0.77 0.75 
1.94 1.98 2.02 1 .16 1.11 
2 •. 62 2.64 2.71 1 .55 1 .48 
3.39 3.28 3.39 1 .93 1 .84 
0.678 0.656 0.678 0.386 0.368 
Zn/Fe = 0.671/0.379 1 .77 ! 0.02 
Sample No. 24a 
a. Zn b. Zn a. Fe b. Fe 
0.94 0.97 0.58 0.61 
1.92 1 .87 1.17 1.18 
2.87 2.85 1.76 1.80 
3.85 3.80 2.36 2.36 
4 .. 80 4.75 2.95 2.96 
0.960 0.950 0.590 0.592 
Zn/Fe = 0.955/0.591 1 .62 ~ 0.01 
Sample No . 24b 



























c. Fe Zn: 
0.38 0 .678 + 0.007 
0.77 ,. 0.656 - 0.015 
1.15 0.678 + 0.007 
1.54 0.671 : 0.010 
1.91 
0.382 Fe: 
o. 386 + 0.007 
0.368 - 0.011 
0.382 + 0.003 
0.379 ~ 0.007 
Zn: 
0.955 ! 0.005 
Fe: 
0.591 : 0.001 
Zn: 
0.963 ! ~ 0.001 
Fe: 
0 . 603 : 0.001 
so 
APPENDIX I (Continued) 
Sample No . 24c 
a . Zn b . Zn c. Zn a. Fe b . Fe c . Fe Zn: 1 . 010 - 0 . 015 
1 . 02 1 . 06 1 . 04 0 . 64 0 . 65 0. 61 1 . 042 + 0 . 017 1 . 024 - 0 . 001 2.01 2. 08 2.07 1 . 28 1.31 1 . 24 1.025 : 0 . 011 3. 01 3. 12 3.13 1 . 95 1 . 96 1 . 85 
4 . 03 4.15 4.17 2.56 2.61 2 . 50 Fe: 0 . 636 - 0 . 003 5 . 05 5. 12 5 . 21 3. 18 3.25 3. 15 0 . 650 + 0 . 011 1.010 1 . 024 1 . 042 0 . 636 0.650 0.630 0 . 630 - 0 . 009 
Zn/Fe == 1 . 025/0 . 639 1 . 61 ~ 0 . 02 0 . 639 : 0 . 008 
Sample No . 24d 
a . Zn b . Zn a . Fe b . Fe Zn: 1 . 191 : 0 . 001 
1 . 16 1 . 17 0 . 80 0 . 86 Fe: 0 . 814 : 0 . 016 2 . 38 2.35 1 . 62 1 . 67 
3. 56 3. 58 2 . 42 2 . 47 
4 . 76 4 . 78 3. 20 3. 31 Zn/Fe 1.191/0 . 814 = 1 . 47 : 0 . 02 5 . 95 5 . 96 3 . 99 4 . 15 
1 . 190 1.192 0 . 798 0 . 830 
Sample No . 24e 
a . Zn b . Zn c . Zn a . Fe b . Ve c. Fe Zn: 0 . 558 + 0 . 001 
0 . 55 0 . 54 0 . 57 0 . 32 0 . 35 0 . 34 0 . 552 - 0 . 005 0 .560 + 0 . 003 1 . 11 1 . 08 1 . 13 0 . 66 o. 71 0 . 68 0 . 557 : 0 . 003 1 . 65 1 . 64 1 .70 0 . 98 1 . 05 1 . 03 
2 . 20 2. 21 2.25 1 . 31 1 . 40 1.37 Fe: 0 . 328 - 0 . 012 2 . 79 2. 76 2 . 80 1 . 64 1 . 73 1 . 73 0 . 346 + 0 . 006 0 . 558 0 . 552 0 . 560 0 . 328 0 . 346 0 . 346 0 . 346 + 0 . 006 
Zn/Fe 0 . 557/0 . 340 
0 . 340 ~ 0 . 008 
1 . 64 ! 0 . 010 
Sample No . 25 
a . Zn b. Zn a . Fe b . Fe Zn: 1 . 521 : 0 . 031 
1 . 56 1 . 48 0 . 71 o. 76 Fe: 0 . 764 + 0 . 004 3.11 2.97 1 . 45 1 . 55 
4 . 65 4 . 51 2 . 22 2 . 33 
6 . 20 5. 97 2.98 3 . 08 
7. 76 7. 45 3 . 74 1 . 84 
1 . 552 1 . 490 4.52 0 . 768 
5.27 
0 . 761 
Zn/Fe 1 . 521/0.764 1 . 99 : 0 . 04 
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APPENDIX II - X-ray Diagrams 
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No . Of Thicknesses Of Ni Foil 
LINEARITY OF THE GEIGER TUBE (Ni FOIL) 
Fixed Time Operation 
Scale Factor- 128 
Input Signal- Neo. 40Kv 









FIG. 8= SKETCH OF TYPICAL AND ATYPICAL 
\ FLUORESCENCE CURVES; SKETCH OF 
THE SAMPLE HOLDER , 
APPENDIX III - Results of ' wet ' quantitative analysis 

















2. 84 17 . 8 
2. 83 17 . 7 
4 . 80 30 . 0 
4 . 76 29 . 8 
6. 42 40 . 1 
Ruined 
2. 92 18 . 2 
3. 10 19 . 4 
3. 80 23 . 8 
3. 72 23.3 
3. 04 19 . 0 
2. 96 18 . 5 
4 . 34 27.1 
4. 40 27.5 
Zinc 
Tit . B. Tit . 
15. 67 0.25 
15. 77 0 . 36 
14. 61 0.27 
14. 52 0.27 
19 . 75 o. 70 
17 . 08 0 . 21 
17. 31 0 . 55 
17. 39 0 . 46 
17. 28 0 . 43 
16. 97 0 . 10 
17. 01 0 . 28 
17. 29 0 . 40 







224. 4 17 . 8 224 . 8 
225 . 3 
209 . 0 29 . 9 208 . 4 
207 . 7 
280 . 9 40 . 1 280 . 9 
244 . 9 18. 6 246 . 0 
247 . 1 
248 . 06 23 . 6 247 . 4 
246 . 73 
243. 9 18. 8 243. 8 
~43 . 6 









9 . 0 
The iron samples were diluted to 100 ml in a volumetric flask , and 
two 40 ml aliquot portions were removed for the 'a ' and 'b' results . 
Thus to arrive at milligrams iron from iron equivalents in milliliters, 
multiply by {2,50 mg/ml x 2,5) 6.25. The zinc samples were diluted to 
100 ml and two aliquot port were removed for separate analyses . Thus 
column 6 of the table i det rained from col s 4 and 5 by: 
(2 . 5 al i quot portions) • (S . 76 mg/ml) is 14. 4 for the 
ferrocyanide titration 
The zinc standard is equivalent to S mg/ml zinc . Thus for sample 4a: 
15. 67(14.4) - 0.25(5} = Zl4$4 Zinc 
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